Zheng H, Liu X, Patel KP. Angiotensin-converting enzyme 2 overexpression improves central nitric oxide-mediated sympathetic outflow in chronic heart failure. Am J Physiol Heart Circ Physiol 301: H2402-H2412, 2011. First published September 30, 2011 doi:10.1152/ajpheart.00330.2011.-Angiotensin (ANG)-converting enzyme (ACE)2 in brain regions such as the paraventricular nucleus (PVN) controlling cardiovascular function may be involved in the regulation of sympathetic outflow in chronic heart failure (CHF). The purpose of this study was to determine if ACE2 plays a role in the central regulation of sympathetic outflow by regulating neuronal nitric oxide (NO) synthase (nNOS) in the PVN. We investigated ACE2 and nNOS expression within the PVN of rats with CHF. We then determined the effects of ACE2 gene transfer in the PVN on the contribution of NO-mediated sympathoinhibition in rats with CHF. The results showed that there were decreased expressions for ACE2, the ANG-(1-7) receptor, and nNOS within the PVN of rats with CHF. After the application of adenovirus vectors encoding ACE2 (AdACE2) into the PVN, the increased expression of ACE2 in the PVN was confirmed by Western blot analysis. AdACE2 transfection significantly increased nNOS protein levels (change of 50 Ϯ 5%) in the PVN of CHF rats. In anesthetized rats, AdACE2 treatment attenuated the responses of renal sympathetic nerve activity (RSNA), mean arterial pressure, and heart rate to the NOS inhibitor N-monomethyl-L-arginine in rats with CHF (RSNA: 28 Ϯ 3% vs. 16 Ϯ 3%, P Ͻ 0.05) compared with CHF ϩ AdEGFP group. Furthermore, neuronal NG-108 cells incubated with increasing doses of AdACE2 showed a dose-dependent increase in nNOS protein expression (60% at the highest dose). Taken together, our data highlight the importance of increased expression and subsequent interaction of ACE2 and nNOS within the PVN, leading to a reduction in sympathetic outflow in the CHF condition. paraventricular nucleus; nitric oxide and sympathetic nerve activity IMPAIRED CARDIOVASCULAR REFLEXES and increased neurohumoral drive are characteristic manifestations of chronic heart failure (CHF) (19, 21 ). An altered central mechanism(s) may be responsible for the elevated neurohumoral drive in CHF (22, 48) . Studies have shown the increased neuronal activity in the paraventricular nucleus (PVN) of rats with CHF, as gauged by hexokinase activity (24), Fra-like activity (36), or direct recording (43) is related to the increased sympathetic activity. The CHF condition produces attenuated vasodilator responses to agonist known to act via a nitric oxide (NO)-mediated mechanism (8). Concomitantly, levels of endogenous endothelial NO synthase (NOS) protein and mRNA in peripheral tissues are reduced in the CHF state (34); however, there are few studies examining the NO system within the central nervous system in CHF, including studies from our laboratory (14, 23, 40, 41) , which have indicated that NO-mediated mechanisms [neuronal NOS (nNOS) activity, mRNA, and protein] in the PVN are decreased in CHF.
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Angiotensin (ANG) II may act via the PVN to influence the regulation of sympathetic activity by either affecting the circumventricular organs (CVOs) or by an intrinsic angiotensinergic system in the PVN (11) . The forebrain areas contain both ANG-converting enzyme (ACE) as well as ANG II type 1 receptors in high concentrations. A new member of the ACE family has been identified and named ACE2 (35) . ACE2 acts on ANG II to produce ANG-(1-7) (29) . Although the exact function of ANG-(1-7) in the brain is unclear, there is considerable evidence for a role of ANG-(1-7) in the brain (5) . ACE2 mRNA has been demonstrated in the medulla oblongata (26) , and ACE2 activity has been measured in the mouse brain (9) . Recently, Lazartigues and colleagues (7) have shown the presence of ACE2 protein and mRNA in various central brain regions, such as the PVN, subfornical organ, area postrema, nucleus tractus solitarii (NTS), and rostral ventrolateral medulla (RVLM), involved in centrally cardiovascular regulation (7) .
ANG-(1-7) has a hypotensive effect in hypertensive but not normotensive rats (2) . ANG-(1-7) acts centrally to increase the sensitivity of the cardiac baroreflex (1) . When injected directly into the NTS and RVLM, it induced depressor and pressor responses, respectively (28) . ANG-(1-7) has been reported to increase vasopressin (30) and NO release (27) . The direct acute action of ANG- (1) (2) (3) (4) (5) (6) (7) in the RVLM appears to be sympathoexcitatory (46) . Bilateral microinjections of the Mas receptor antagonist A-779 into the PVN decrease renal sympathetic nerve activity (RSNA) (31) . However, there are other studies showing that the chronic effect of ANG-(1-7) maybe different from its acute direct action. Overexpression of ACE2 in the RVLM of spontaneously hypertensive rats caused a longlasting hypotensive effect (38) . The action of ACE2 on nNOS may be more long term and generally lead to sympathoinhibition via NO, so the long-term effect may be more important in a disease state, such as CHF or hypertension, where there is a decrease in the levels of nNOS. The details of these long-term effects on nNOS/NO remain to be elucidated.
Although there are a fair amount of data regarding ANG-(1-7) in medullary sites, its role in the forebrain, particularly in the PVN, is not as clear. The present study was designed to examine if there was a concomitant decrease in ACE2, the ANG-(1-7) receptor (Mas receptor), and nNOS within the PVN of rats with CHF. Second, it was designed to determine if upregulation of ACE2 within the PVN would restore the endogenous nNOS within the PVN of rats with CHF both in terms of the levels of protein as well as the functional response in RSNA, mean arterial pressure (MAP), and heart rate (HR) to inhibition of NOS. Finally, the relationship between ACE2 and nNOS was examined in a neuronal cell line (NG-108) that endogenously exhibits the presence of both ACE2 and nNOS.
METHODS
Induction of heart failure. All procedures on animals in this study were approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center. Experiments were conducted according to the American Physiological Society's "Guiding Principles for Research Involving Animals and Human Beings" and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Male Sprague-Dawley rats weighing 220 -240 g (Sasco Breeding Laboratories, Omaha, NE) were randomly assigned to either the sham-operated control (sham) group or the CHF group. CHF was induced by ligation of the left coronary artery as previously described (24) . Left ventricular (LV) dysfunction was assessed using hemodynamic and anatomic criteria (17) . To measure infarct size, the heart was dissected free of adjacent tissues, and the atria were removed. The right ventricle (RV) was opened with a lengthwise incision such that the heart was flattened with the LV lying in the middle and the RV on either side of it. The RV was removed, and the remaining LV was laid flat. A digital image of the LV was captured with a digital camera, and the infarct area and total LV area were quantified with SigmaScan Pro. Infarct size (in %) was found by dividing the size of the infarct area by the total size of the LV. Echocardiograms were performed after 6 -7 wk of ligation surgery. LV end-diastolic pressure (LVEDP) was measured after the ExT period with a Micro-Tip catheter (Millar Instruments, Houston, TX) inserted into the LV via the right carotid artery at the time of the terminal experiment. Rats with elevated LVEDP (Ͼ15 mmHg), an infarct size of Ͼ30% of the total LV wall, significant reductions in dP/dt max, and ejection fraction (Ͻ40%) were considered to be in CHF.
In vivo adenovirus injection. After 8 wk of ligation surgery, adenoviral vectors carrying human (h)ACE2 (AdACE2; kindly supplied from the core facilities at the University of Iowa) or enhanced green fluorescent protein (AdEGFP; as a control vector) were delivered into the PVN by microinjection (1 ϫ 10 8 plaque-forming units/ ml, 100 nl) bilaterally. The following four groups of rats were used in this study: sham ϩ AdEGFP, sham ϩ AdACE2, CHF ϩ AdEGFP, and CHF ϩ AdACE2. Three days after injection, rats were used for functional experiments. Transfection efficiency (ACE2 expression) was determined using Western blot analysis.
RSNA, MAP, and HR recording. Experiments were performed 8 wk after CHF surgery. Rats were anesthetized with urethane (0.75g/kg ip) and ␣-chloralose (70 mg/kg ip). The left femoral vein was cannulated with polyethylene tubing for the injection of supplemental anesthesia. The left femoral artery was cannulated and connected via a pressure transducer (Gould P23 1D) to a computer-based data recording and analyzing program (PowerLab) to record MAP and HR.
The left kidney was exposed through a retroperitoneal flank incision. A branch of the renal nerve was isolated from fat and connective tissue. The central end of the nerve was placed on thin bipolar platinum electrodes. The electrical signal was amplified with a Grass amplifier with high-and low-frequency cutoffs of 1,000 and 100 Hz, respectively. The rectified output from the amplifier was displayed using the PowerLab system to record and integrate the raw nerve discharge. Basal nerve activity was determined by efferent RSNA at the beginning of the experiment, and background noise was determined by nerve activity recorded at the end of the experiment [after the rat had been injected with hexamethonium (30 mg/kg iv)]. The nerve activity during the experiment was calculated by subtracting the background noise from the recorded value. The RSNA response to the injection of drugs into the PVN was expressed as the percent change from the basal value.
For the placement of microinjection cannulas into the PVN, the anesthetized rat was placed in a stereotaxic apparatus (David Kopf Instruments, Tujanga, CA). A longitudinal incision was made on the head, and the bregma was exposed. A small burr hole was made in the skull to allow access to the PVN. The coordinates for the PVN, determined using the Paxinos and Watson atlas, were 1.5 mm posterior to the bregma, 0.4 mm lateral to the midline, and 7.8 mm ventral to the dura. A thin needle (0.2-mm outer diameter) connected to a 0.5-l microsyringe (Hamilton) was lowered into the PVN. An inhibitor of NOS, N-monomethyl-L-arginin (L-NMMA), was injected into the PVN in three doses (50, 100, and 200 pmol) in random order. Subsequent injections were made at least 20 min after prior injections to allow MAP, HR, and RSNA to return to basal levels. In a separate group of rats (n ϭ 5), the vehicle control, 100 nl artificial cerebrospinal fluid aCSF, was microinjected into the PVN, and RSNA, MAP, and HR were monitored.
Immunohistochemistry. Rats were anesthetized with pentobarbital (65 mg/kg) and perfused transcardially with 150 ml heparinized saline followed by 250 ml of 4% paraformaldehyde in 0.1 M sodium phosphate buffer. The brain was removed and postfixed at 4°C for 4 h in 4% paraformaldehyde solution and then placed in 20% sucrose. The brain was blocked in the coronal plane, and sections of 30 m thickness were cut with a cryostat. Sections were incubated with 10% normal donkey serum in PBS for 1 h at room temperature and then incubated with primary antibody against ACE2 (anti-goat, 1:200) and the nNOS receptor (mouse monoclonal antibody, 1:200, Santa Cruz Biotechnology) overnight at 4°C. After being washed with PBS, sections were incubated with Cy3-and Cy2-conjugated donkey antimouse secondary antibody (1:400, Jackson ImmunoResearch) for 2 h at room temperature. Nuclei were stained with 4=,6-diamidino-2-phenylindole (Molecular Probes). After being washed with PBS and dried, sections were coverslipped with fluoromounting-G (SouthernBiotech). The distribution of ACE2 and nNOS immunofluorescence within the PVN were viewed using an Olympus fluorescence microscope equipped with a digital camera (Qimaging). Openlab software 4.0.3. (Improvision) was used to identify the total intensity of Cy3 (red) and Cy2 (green) and further the colocalization of staining (yellow). Three alternate sections (1.8 Ϯ 0.1 mm posterior to the
Table1. Characteristics of sham and CHF rats tranfected with AdEGFP or AdACE2
No. of rats 6 9 Values are means Ϯ SE. Sham rats, sham-operated rats; CHF rats, rats with congestive heart failure; AdEGFP, adenovirus containing enhanced green fluorescent protein; AdACE2, adenovirus with angiotensin-converting enzyme 2; LV, left ventricular. *P Ͻ 0.05 vs. sham groups. bregma) representing the PVN were analyzed in this way, and the mean data were then calculated. No staining was seen when PBS was used instead of the primary antibodies or when the mixture of antibodies and the appropriate control antigen was added in the above-described procedures.
Micropunch of the PVN and isolation of protein for Western blot analysis measurements. After the animal had been euthanized, the brain was removed and quickly frozen on dry ice. Six serial coronal sections (100 m) were cut using a cryostat, and, following the Palkovits technique, the PVN was bilaterally punched using a diethylpyrocarbonate-treated blunt 18-gauge needle attached to a syringe, such that there were 12 total punches/brain. The punching samples were placed in 100 ml protein extraction buffer (10 mM Tris, 1 mM EDTA, 1% SDS, 0.1% Triton X-100, and 1 mM PMSF), sonicated, and incubated for 30 min at 37°C to extract the protein.
Western blot analysis measurements of ACE2, Mas receptor, and nNOS protein. The total protein concentration from the extracted protein described above was measured using a BCA Assay Kit (Pierce). Samples were adjusted to contain the same concentration of total protein, and equal volumes of 2ϫ (4%) SDS sample buffer were then added. Samples were boiled for 3 min and then loaded onto a 7.5% SDS-PAGE gel (40 mg/20 ml per well). Gels were subjected to electrophoresis at 40 mA/gel for 60 min. Fractionated proteins on the gel were electrophoretically transferred to a polyvinylidene difluoride membrane (Millipore) at 300 mA for 90 min. The membrane was probed with primary antibodies to hACE2 (R&D Systems) and rat ACE2, nNOS, GAPDH (Santa Cruz Biotechnology), and the Mas receptor (Thermo Scientific) at 1:500 dilution, washed with Trisbuffered saline-Tween, and then probed with secondary antibodies (peroxidase-conjugated goat anti-goat or rabbit IgG, Pierce). An enhanced chemiluminescence substrate (Pierce) was applied to the membrane for 5 min followed by a 30-s exposure within an Epi Chemi II Darkroom (UVP BioImaging) for visualization using the Worklab digital imaging system (8-bit resolution). Kodak MI software was used to highlight the bands and quantify the signal. Expression of ACE2, the Mas receptor, or nNOS was calculated as the ratio of intensity of the ACE2, Mas receptor, or nNOS band, respectively, relative to the intensity of the GAPDH band. Each Western blot was performed with samples from all groups.
Cell culture and adenoviral transfection. NG108-15 (neuroblastoma X glioma) hybrid cells were grown in DMEM supplemented with 10% FBS, penicillin G, and streptomycin. Cultures were main- tained at 37°C in a humidified atmosphere of 5% CO2. Cells were seeded in six-well plates and grown until 60 -70% confluent before treatment with the indicated concentrations of AdACE2 or AdEGFP in a dose-dependent manner (2.5 ϫ 10 6 , 1.25 ϫ 10 5 , and 6.25 ϫ 10 5 plaque-forming units/ml, 24 h) for 24 h. Cells were washed twice with ice-cold PBS, homogenized with sonication in lysis buffer (10 mM Tris, 1 mM EDTA, 1% SDS, 0.1% Triton X-100, and 1 mM PMSF). The lysate was incubated at 37°C for 30 min. The protein content of the lysate was estimated using the BCA method with BSA as the standard (Pierce). NG-108 cell protein lysates (30 -40 g) were processed to measure nNOS, ACE2, and Mas receptor protein by Western blot analysis. The distribution of ACE2 and nNOS in the cultured cells was observed by immunohistochemisty. Data analysis. Data are presented as means Ϯ SE. Data were subjected to two-way ANOVA followed by a comparison for individual group differences using the Newman-Keuls test. Statistical significance was indicated by P values of Ͻ0.05.
RESULTS
General data. Table 1 shows the salient characteristics of the sham and CHF rats used in the present study. Heart weight and body weight were significantly higher in CHF rats compared with sham rats (P Ͻ 0.05). This indicates that there was myocardial hypertrophy and retention of water in the rats with CHF. The CHF group displayed an average myocardial infarct size of Ͼ30% over the LV. Sham rats had no observable damage to the myocardium. LVEDP was significantly elevated in CHF rats compared with sham rats (P Ͻ 0.05).
Before the microinjection of L-NMMA into the PVN, MAP and HR of the sham ϩ AdEGFP group was not significantly different from that found in the CHF ϩ AdEGFP group. The basal RSNA in CHF ϩ AdEGFP rats was significantly higher than that in sham ϩ AdEGFP rats (P Ͻ 0.05). After adenoviral transfection, there were no significant changes in the basal MAP, HR, and RSNA between the AdACE2 and AdEGFPtreated groups in both sham and CHF rats.
ACE2, Mas receptor, and nNOS expression in the PVN. We investigated the distribution of ACE2 and nNOS in the PVN (sham and CHF rats, n ϭ 4 rats/group). As shown in the representative examples shown in Fig. 1, A and B , at the Ϫ1.8-mm level of the bregma, ACE2 immunostaining was detected in the PVN area as well as in the outside of the PVN. Most nNOS immunostaining was detected in the PVN. ACE2 and nNOS immunoreactivity were partially colocalized in the PVN. ACE2 expression has been showed to be located in the neuronal cytoplasm and endothelial cells in the brain (7, 16) . Immunofluorescence for ACE2 and nNOS was significantly Fig. 3 ) protein levels were significantly lower in CHF rats compared with sham rats (n ϭ 4 rats/group). Mas receptor protein levels were significantly decreased in CHF rats compared with sham rats (Fig. 2B) .
Three days after adenoviral microinjection, we evaluated hACE2 protein expression in the PVN by Western blot analysis. The results showed hACE2 protein expression in the PVN of AdACE2 rats but very low levels in AdEGFP rats (Fig. 2A) . We then evaluated the efficacy of AdACE2 gene transfer in the PVN by comparing rat ACE2 protein levels of the PVN infected with AdACE2 or with AdEGFP in sham and CHF rats (n ϭ 4 rats/group). There was a significant increase in the intensity of the protein bands of rat ACE2 (Fig. 2B) Overexpression of ACE2 also caused an increase in Mas receptor expression in CHF ϩ AdACE2 rats (Fig. 2B ). An example of the differences in levels of ACE2 and Mas receptor protein of the AdACE2-infected versus AdEGFP-infected PVN is shown in Fig. 2B .
To determine if the overexpression of ACE2 regulates nNOS expression in vivo, we measured nNOS protein levels in the PVN after adenoviral transfection. Sample gels showing nNOS and GADPH protein in the four experimental groups are shown in Fig. 3 . The results showed that in the CHF ϩ AdACE2 group, relative nNOS expression was significantly greater than in the CHF ϩ AdEGFP (Fig. 6) . nNOS protein expression was upregulated significantly even at the lower concentrations of AdACE2 compared with the control (without AdACE2). The highest dose showed an ϳ60% increase in nNOS protein expression compared with the control dose. To ascertain whether this increase of nNOS is mediated through the Mas receptor, NG-108 cells were incubated with A-779, a specific Mas receptor blocker. Treatment with A-779 significantly abrogated the increase in nNOS expression by AdACE2. The results shown in Fig. 6 also demonstrate that the Mas receptor was effectively blocked in the experiments and that AdACE2 in the presence of A-779 effectively increased ACE2 expression.
Using immunofluorescent staining, ACE2 and nNOS interactions and their subcellular localization were studied in NG-108 cells (Fig. 7) . The intensity of ACE2 staining and nNOS staining was also increased with AdACE2 treatment. AdACE2-treated cells showed more ACE2 and nNOS, both colocalizing in the cytoplasm, compared with the control (AdEGFP-treated cells) .
The ACE2-ANG-(1-7)-Mas mechanism of NO-mediated sympathetic responses.
To further test the ACE2-ANG-(1-7)-Mas mechanism stimulating nNOS activity in vivo, the effects of the Mas receptor blocker A-779 on NO-mediated RSNA, MAP, and HR responses in a group of normal rats (n ϭ 4) were examined. The result showed that A-779 reduced L-NMMA responses in normal rats (Fig. 8) . This suggests that the effect of ACE2 on NO activity is through Mas receptors. This is also consistent with other results showing that NO is known to be released after the stimulation of Mas receptors in the brain and the periphery (3, 25) .
DISCUSSION
In the present study, we showed that there was a concomitant decrease in ACE2 and nNOS within the PVN of rats with CHF. Moreover, AdACE2 transfection significantly increased nNOS protein levels in the PVN in CHF rats. AdACE2 transfection also significantly improved attenuated RSNA, MAP, and HR responses to administrations of the NOS inhibitor L-NMMA within the PVN in rats with CHF compared with CHF rats transfected with control AdEGFP. Furthermore, nNOS protein expression increased after increasing amounts of AdACE2 transfection in neuronal NG-108 cells in a dosedependent manner. Taken together, these data support our hypothesis that the upregulation of ACE2 by gene transfer significantly upregulates nNOS production. The effect of ACE2 on the NO-mediated mechanism in the PVN may play an important contributing role in the altered balance and tone of sympathetic outflow in the CHF condition. Previous studies (24, 36, 43) have demonstrated that CHF is associated with increased neuronal activity in the PVN. Moreover, we (23, 41) have demonstrated that nNOS gene expression and protein as well as the number of nNOS-positive cells in the PVN are significantly reduced in rats with CHF. The inhibitory system (NO) in the PVN is diminished in rats with CHF. The initial causes for the decrease in nNOS (inhibitory system) remain to be examined. Stimulation of the PVN with ANG II has been shown to increase RSNA. An alternate pathway for ANG II is via the ACE2 pathway to produce ANG-(1-7), which, via the Mas receptor, could diminish the effects of ANG II type 1 receptor activation. There is evidence in endothelial cells showing that activation of Mas receptors increases endothelial NOS (27) . In a human endothelial cell line, overexpression of ACE2 prevented ANG II suppression of insulin-stimulated NO generation (45) . However, it is not clear how this pathway is altered in rats with CHF. The immunoreactivity of ACE2 indicates the presence of ACE2 in the PVN and colocalization with nNOS in neurons. Our data show that there is a concomitant decrease in both nNOS and ACE2 within the PVN of rats with CHF. Since there was a concomitant decrease in nNOS and ACE2, there may be some causal link between these two enzymes. Furthermore, upregulating levels of ACE2 via viral transfection restored levels of nNOS in the PVN. The functional responses of RSNA to L-NMMA suggest that increasing ACE2 also improves the responses to endogenous NO responses. Taken together, these data suggest that ACE2 upregulation restores the decreased ACE2 is a carboxypeptidase that cleaves ANG II to ANG-(1-7). It appears to negatively regulate the renin-angiotensin system. In the heart, ACE2 deficiency results in a severe impairment of cardiac contractility and the upregulation of hypoxia-induced genes (13) . ACE2 has also been found to be upregulated in failing hearts (12) . In the kidney, ACE2 protein levels are significantly decreased in hypertensive rats, suggesting a negative regulatory role of ACE2 in blood pressure control (4) . Relatively few studies have addressed ACE2 expression in the brain. In the CHF condition, the central reninangiotensin system is activated (42, 49) . Our data show that there were decreased levels of ACE2 and Mas receptors in the PVN of rats with CHF, supporting the idea that an imbalance of ACE2 and ACE is involved in the activation of the central renin-angiotensin system during CHF.
ACE2 has been suggested to participate in the central regulation of blood pressure and altered sympathetic nerve activity in hypertension. Overexpression of ACE2 in the brain reduces hypertension by improving the arterial baroreflex and autonomic function in hypertensive animals (37, 38) . Injection of the ACE2 inhibitor MLN-4760 into the NTS reduces the baroreceptor reflex sensitivity for HR control in rats (6) . Our data show that the basal RSNA in CHF rats is significantly higher than that in sham rats. After adenoviral transfection, the improved responses of RSNA to L-NMMA microinjections indicate that ACE2 is involved in NO-mediated sympathoinhibition in CHF. The lack of changes in the basal levels of RSNA in CHF rats may be due to the fact that adenoviral transfection of the PVN may not be complete, resulting in an elevated basal tone. However, the origin of ACE2 in the PVN and the process by which nNOS is generated in neurons are currently unknown.
Overexpression of ACE2 exerts protective effects in local tissues, including in the brain (13) . It was first shown that lentivirus-mediated ACE2 overexpression in the RVLM causes a long-term decrease in blood pressure in the spontaneously hypertensive rat (38) . Subsequently, Feng et al. (10) also showed that ACE2 overexpression in the subfornical organ prevented ANG II-mediated pressor and drinking responses. These are the first pieces of evidence for the beneficial/ therapeutic effects of ACE2 overexpression in the central nervous system. The present in vivo study corroborates and also provides evidence for the protective role of ACE2 on neural overexcitation by improving nNOS-mediated inhibitory mechanisms within the PVN in the CHF condition.
So how does the upregulation of ACE2 within the PVN restore levels of nNOS in the PVN of rats with CHF? To examine the direct effect of ACE2 on nNOS, we determined that in an isolated cell culture system, incubation of AdACE2 with NG-108 cells caused a dose-dependent increase in the expression of nNOS protein. Furthermore, coincubation with A-779 prevented upregulation of the AdACE2-induced increase in nNOS protein. These data are consistent with the idea that increased ACE2 expression in rats with CHF may have caused the increase in nNOS protein expression within the PVN of rats with CHF.
An intracellular signaling pathway has been proposed in which overexpression of ACE2 activates the insulin/Akt-NOS pathway (45) . Gene transfer of ACE2 regulated ANG IImediated impairment of insulin signaling involves the Akt-NOS phosphorylation pathway. ANG II regulates insulin signaling via a pathway involving impairment of phosphotidylinositol 3-kinase-dependent activation of Akt-NOS phosphorylation and NO generation. It has been indicated that in the CHF state, the plasma ANG II level is increased (18, 47) . Although ANG II does not cross the blood-brain barrier, circulating levels of ANG II may affect the central nervous system, including the PVN, through some of the CVOs. The neurons in CVOs have projections to the PVN. We think that through this pathway, the circulating ANG II could effect local ANG II levels in the central nervous system (20) . The inhibitory effects of ANG II on nNOS expression can be reversed by ACE2 gene transfer. This may explain why gene transfer of ACE2 increases nNOS in CHF rats more obviously than in sham rats.
On the other hand, ANG II induces the expression of NADPH oxidase subunits p22 phox and p47 phox , contributing to the enhancement of oxidative stress and reduction of NO bioavailability (39) . Gene transfer of ACE2 strikingly suppressed the expression of NADPH oxidase subunits and increased NO bioavailability (45) . Recently, Gwathmey et al. (15) showed a marked sensitivity of the intracellular NO response to ANG-(1-7), which implies that the renal nuclei expression of Mas receptors is functionally linked to NO formation. However, a direct effect of ACE2 activation on NOS expression has not been studied until our in vitro data in NG-108 cell cultures in the present study.
A limitation of the present study is that no data are provided to demonstrate the effects of sustained increases of ACE2 expression in the PVN on the progression of neurohumoral dysfunction that occurs during CHF development. Feng et al. (10) indicated in their study that ACE2 activity in the whole hypothalamus at different time points showed a significant increase as early as 3 days after AdACE2 infection and achieved a maximum 7 days after infection. ACE2 activity had returned to baseline at 14 and 28 days after AdACE2/AdEGFP infection. The time course and pattern of expression obtained with AdACE2/AdEGFP were similar to previous data using similar constructs (32, 33) . According to these studies, we think that the vector used in this study does not produce a reliable long-term (Ͼ10 days) increase of ACE2 expression and that the effects of ACE2 expression shown in the present study cannot be extrapolated to indicate an impact on CHF progression beyond the timeframes studied here. Figure 9 shows a working hypothesis of how ACE2-mediated changes in the PVN regulate sympathoexcitation through a NO-mediated mechanism. CHF causes a decrease in nNOS/ NO-mediated mechanisms (14, 40) by a decrease in ACE2-ANG-(1-7). Gene transfer of AdACE2 restores Mas receptors in the PVN, which, in turn, increase nNOS, which leads to an improvement in NO-mediated sympathoinhibition in rats with CHF.
In conclusion, the results of the present study demonstrate a concomitant decrease in ACE2 and nNOS within the PVN of rats with CHF. Furthermore, the results indicate that overexpression of ACE2 normalizes the lower expression of nNOS in the PVN and prevents the sympathoexcitatory state commonly observed in rats with CHF. Overexpression of ACE2 also attenuated RSNA responses to L-NMMA microinjected into the PVN in rats with CHF. Taken together, these data indicate that the effects of ACE2 on the NO-mediated mechanism within the PVN may play a crucial and pivotally important role in the altered sympathoexcitatory/inhibitory balance, leading to enhance sympathetic tone and activation in the CHF condition.
